BACKGROUND: Bronchopulmonary dysplasia (BPD) is a chronic lung disease of preterm neonates; the underlying pathogenesis is not fully understood. MicroRNAs (length 21-25 nucleotides) are ribonucleic acid (RNA) molecules that have important functions in development, cellular differentiation, apoptosis, proliferation, and migration; very little is known regarding their role in developmental lung diseases. METHODS: We exposed neonatal mice to either room air or 60% oxygen, beginning at birth, and we used microRNA microarray and real-time polymerase chain reaction on lung samples. RESULTS: The hyperoxia-exposed mice developed a lung injury that mimicked human BPD. Fifty-one microRNAs shared similar profiles in the hyperoxia-exposed BPD lungs and the normal lungs, which indicates that those microRNAs might play a protective role during the septation process. In the BPD lungs, compared to the control lungs, 14 microRNAs were up-regulated, and 7 microRNAs were down-regulated, which indicates that these microRNAs might play an important role in the development of BPD. Some of the candidate microRNAs can regulate cell proliferation. CONCLUSIONS: To our knowledge, this study is the first to identify microRNAs associated with BPD development, which provides a clue for further investigation of their function in BPD development.
Introduction
Babies who are born prematurely or who experience respiratory problems shortly after birth are at risk for bronchopulmonary dysplasia (BPD), which is a common chronic lung disease in preterm neonates and can have a multifactorial etiology, including hyperoxia exposure, premature lung, and neonatal therapies. 1, 2 Although the incidence and severity of respiratory distress syndrome have decreased with antenatal corticosteroid therapy and postnatal surfactant replacement, the overall incidence of BPD has been increasing. 3, 4 BPD is predominantly characterized by persistent abnormalities of lung structure and arrested lung development, including impaired alveolar and vascular growth. 1, 5 The pathogenesis of BPD is not fully understood.
MicroRNAs are 21-25 nucleotides long, non-coding RNAs that are involved in various biological processes, including cell proliferation, cell death, stress resistance, and tumorigenesis. [6] [7] [8] Recent studies indicate that microRNAs are important in lung development 9 and that abnormal microRNA levels cause aberrant expression of gene products that may contribute to lung disease, including lung cancers and asthma, 10, 11 so microRNAs might be useful diagnositic and/or prognostic markers for some diseases. To date, however, to our knowledge there have been no studies on microRNAs in the development of BPD.
To assess whether microRNAs are involved in the development of BPD, we assayed microRNAs from 60% hyperoxia-exposed newborn mice-an ideal model because the hyperoxia-induced changes in lung structure closely mimic the histology of the altered lung architecture in human BPD. [12] [13] [14] One critical determinant of normal postnatal lung architecture is septation, so we assayed the lungtissue microRNAs before, during, and after septation, on postnatal days 2, 7, and 21.
Methods

Animals
We purchased newborn Kunming mice from the Chinese Academy of Sciences (Beijing, China) and randomly assigned 15 to room air and 15 to hyperoxia (F IO 2 60% for 21 days), beginning at birth. Nursing dams were alternated every 24 hours between the air and hyperoxia litters. 14 All the mice were maintained in a pathogen-free facility and used in accordance with our institutional guidelines for animal care. The animals were euthanized with intraperitoneal sodium pentobarbital after exposure on day 2, day 7, or day 21.
Cells
We cultured A549 cells in 1640 (Gibco-BRL, Invitrogen, Carlsbad, California), with 10% fetal bovine serum (Gibco-BRL). The cells were maintained in a humidified 37°C incubator, with an atmosphere of 5% CO 2 .
Histology
To prepare the lungs for histology we opened the chest cavity and exposed the trachea, inserted a blunt cannula and tied it to the trachea, and inflated the lungs with phosphate buffered saline 4% formalin fixative at 25 cm H 2 O. After overnight fixation at 4°C, the tissue was dehydrated and paraffin embedded, cut into 5-m sections, stained with hemotoxylin and eosin, and examined with light microscopy. 15, 16 We performed radial alveolar counts, as previously described. 17 From the center of the respiratory bronchiole, a perpendicular line is drawn to the edge of the acinus, and the number of the septa intersected by that line are counted. The radial alveolar count was made at magnification ϫ100.
Lung RNA Assay
Total RNA was isolated from individual whole lungs with an microRNA isolation kit (miRVana, Ambion, Austin, Texas) per the manufacturer's instructions. RNA quality was controlled with an optical density (OD) 260/280 ratio of 1.8 to 2 and an OD 260/230 of Ն 1.8, and 1 g total RNA was used.
Microarray Methods
We pooled 3 individual total RNA samples from the same time-point as one sample, to minimize biological variability and the number of microarrays to generate the necessary data. These RNA samples were treated with poly(A) tailing, flash tag ligation, and hybridization (GeneChip miRNA Array, Affymetrix, Santa Clara, California) per the manufacturer's protocol.
Microarray Data Analysis
We scanned the chips, computed the signal intensity (GeneChip Command Console 1.1 software, Affymetrix, Santa Clara, California), and summarized, normalized, conducted quality-control procedures on the data (microRNA QC Tool software, Affymetrix, Santa Clara, California), and created cluster and tree-view graphs, as previously described. 18 
Reverse Transcription Reaction and Quantitative Real-Time Polymerase Chain Reaction
We purified the total RNAs (Absolutely RNA Nanoprep kit, Stratagene, Agilent Technologies, Santa Clara, California). We carried out reverse transcription reactions and real-time-polymerase chain reaction as previously described. 16 We calculated the relative expression of microRNA compared to u6 with the 2 -⌬⌬Ct method. 16 (See the supplementary materials related to this paper at http:// www.rcjournal.com.)
Transient Transfection
Transfections were performed (Lipofectamine 2000, Invitrogen, Carlsbad, California) per the manufacturer's instructions and our previous report. 16 Cells (1-3 ϫ 10 6 ) grown to a confluency of 50 -60% in 10-cm petri dishes were transfected with different double-stranded microRNA mimics (600 pmol, GenePharma, Shanghai, People's Republic of China) or microRNA mock, and the cells were harvested 48 hours post-transfection.
Measurement of Cell Proliferation
A549 cells transfected with microRNAs (1 ϫ 10 4 ) were plated in 96-well plates, and the cell proliferation was measured with a proliferation kit (XTT II, Boehringer, Mannheim, Germany). 16 Optical density was read with a microplate reader (Bio-Rad, Hercules, California).
Statistical Analysis
Data are presented as mean Ϯ SD. We used analysis of variance to calculate differences between body weight, radial alveolar count, and proliferation, and if P was Ͻ .05, we performed the least significant difference test. We used the Pearson test to determine the correlation of the micro-RNA levels between the microRNA microarray assay and the real-time polymerase chain reaction assay. Differences were deemed statistically significant at P Ͻ .05.
Results
Effects of 60% Oxygen Exposure on Newborn Mice
There was no mortality in either group, but the hyperoxia group had significantly lower body weight on day 7 (8.10 Ϯ 0.26 g vs 8.94 Ϯ 0.24 g, P ϭ .01) and on day 21 (21.04 Ϯ 0.26 g vs 26.7 Ϯ 0.31 g, P ϭ .001), but not on day 2 (5.73 Ϯ 0.25 g vs 6.09 Ϯ 0.23 g, P ϭ .14). Structural changes were evident in the hyperoxia and control mice lungs on day 2, day 7, and day 21 (ie, before, during, and after septation). At 2 days the hyperoxia mice had no obvious qualitative differences in the lung regions characterized by either large distal air spaces or absence of interstitial thickening. However, at 7 days the hyperoxia mice had heterogeneous lung structure changes, including patchy areas of parenchymal thickening, small air spaces interspersed in enlarged air spaces. At 21 days the hypoxia mice had a lung injury pattern that has morphologic similarities to human BPD (Fig. 1A) . Hyperoxia reduced radial alveolar count by 34% on day 7 (P ϭ .001) and by 33% on day 21 (P ϭ .001) (see Fig. 1B ). The alveolar enlargement and decrease in surface area are associated with decreased oxygen transfer and arterial oxygen saturation, resulting in the characteristic BPD-related reduction in lung function.
MicroRNA Expression Differences During Septation
To determine the microRNA quantities during the septation process, we used a novel microRNA array-based approach. We report these data as fold-change values, and we considered a Ն 2-fold change of expression important and selected those changes for study. We randomly selected 6 microRNAs that exhibited Ն 2-fold change in expression to validate the data with real-time polymerase chain reaction for mature microRNAs (see the supplementary materials related to this paper at http://www.rcjournal. com). The correlation coefficient between microarray and real-time polymerase chain reaction for the 6 microRNAs was 0.884 (P ϭ .007), which means the microarray data agreed with the real-time polymerase chain reaction data and the 2 methods had very high internal consistency. We therefore used microarray for analysis of the microRNAs profiles. We determined the expression changes of individual microRNAs via cluster analysis. During the septation process, 72 microRNAs changed expression level in the control group ( Fig. 2A) and 87 microRNAs changed in the hyperoxia group (see Fig. 2B ). Among those microRNAs, 51 were shared by the control and hyperoxia groups, and the expression levels (fold-changes) were very similar (see the supplementary materials related to this paper at http://www.rcjournal.com). Of note, miR-29a was the most highly up-regulated microRNA, and miR-100, miR-342-5p, miR-497 and the miR-30 family were also highly upregulated in both groups. MicroRNAs greatly down-regulated in both groups were miR-122, miR-298, miR-411, miR-541, miR-382, miR-134, miR-668, miR-485, miR-409, miR-329, miR-665, miR-433, miR-127 and miR-379. These data show similarities during septation in the 2 groups, which indicates that these microRNAs play an important role during septation, whatever the hyperoxia injury. Fig. 1 . Lung development at 2 days, 7 days, and 21 days after birth in mice raised in a hyperoxic environment (60% oxygen) versus control mice (normal air environment). A: Lung development is markedly abnormal (enlarged air spaces and simplified structure) in the hyperoxia group on day 7 and day 21, compared to the control group. The black bars represent 100 m. B: The radial alveolar count is significantly different on day 7 and day 21. The whisker bars indicate standard deviations.
MicroRNA Expression Differences During BPD Development
Detailed account of the microRNA expression profiling during BPD development has not previously been reported, so we compared the groups' expression profiles (Figs. 3  and 4) . Twenty-one microRNAs levels were greatly changed in the control mice lungs, but there were no substantial changes in the BPD mice lungs (see Fig. 3A ), whereas 36 microRNAs levels showed aberrant regulation in the BPD mice lungs, but no substantial changes in the control mice lungs (Fig. 3B) , which implies these microRNAs might be important in BPD development. Furthermore, these microRNA levels on day 7 were often intermediate between those on day 2 and day 21, which suggests a gradual developmental shift in the expression pattern. In particular, on day 2 the levels of miR-20b, miR-106a, miR-128, miR-883b-3p, and miR-15b (see Fig. 4A ); on day 7 the levels of miR-122, miR-30e, and miR-365-5p (Fig. 4B) ; and on day 21 the levels of miR-133a, miR-205, miR-379, miR-449a, miR-431, and let-7f (see Fig. 4C ) were more than 2-fold higher in the BPD mice than in the control mice. Conversely, on day 2 the levels of miR-299, miR-139p-3p, miR-300 star, and miR-122; on day 7 the levels of miR-335p-5p and miR-714; and on day 21 the level of miR-720 were more than 2-fold lower in the BPD mice (Fig. 4A-C) .
MicroRNA Can Regulate Cell Proliferation
Next we studied whether the candidate microRNAs affect cell biology. We analyzed the proliferation potential of cells (A549) transfected with microRNAs (hsa-let-7f, hsa-miR-29a, hsa-miR-21, hsa-miR-20b, hsa-miR-127, and hsa-miR-134) or miR-mock. The results revealed that overexpression of miR-21 or Ϫ20b induced cell proliferation significantly (P ϭ .02 and P ϭ .007, respectively), whereas miR-29a, Ϫ127, Ϫ134, and let-7f significantly reduced cell proliferation (P ϭ .003, P ϭ .03, P ϭ .006 and P ϭ .006, respectively), compared to miR-mock (Fig. 5) . Overexpression of these microRNAs significantly affected cell proliferation in vitro, which indicates that these microRNAs are important in the biological and pathological processes.
Discussion
Little is known about the expression profiles and roles of microRNAs in BPD development, so we compared microRNA expression in control and hyperoxia-exposed mice and investigated their role during septation. The mouse is an ideal animal to study BPD development, because mouse lung displays morphological and pathological BPD characteristics during the procedure of branching morphogenesis, vascularization, and alveolarization. [12] [13] [14] On day 21 the mice lungs displayed the characteristic BPD-related reduction in lung function. We predicted that some microRNAs play an important protective role during septation, as there were some similarities between the control and BPD lungs from day 2 to day 21. In both groups, miR-29a and the miR-30 family were the most highly up-regulated microRNAs, which agrees with the report by Williams et al. 19 However, 14 microRNAs (miR-20b, miR106a, miR-128, miR-883b-3p, miR-15b, miR-122, miR-30e, miR-365-5p, miR-133a, miR-205, miR-379, miR-449a, miR-431, and miR-431) were greatly up-regulated in the BPD lungs, compared to the control lungs, whereas 7 microRNAs (miR-299, miR-139p-3p, miR-300 star, miR-122, miR-335p-5p, miR-714, and miR-720) were significantly down-regulated in the BPD lungs, compared to the control lungs, some of which could regulate cell proliferation. All together, these results suggest that these microRNAs are coordinately expressed and central to BPD development.
Multiple microRNAs were differentially expressed during BPD development. Although the functional role of these changes in microRNA expression is unknown, ex- The experimental model was hierarchically clustered in both dimensions and plotted on a heat map. Each block indicates its own expression level. Red denotes a high expression level, green denotes a low expression level, and gray denotes no detectable signal. Twenty-one microRNA expression levels were greatly dysregulated, compared to the air-exposed control mice lungs. B: Thirty-six microRNAs levels showed aberrant regulation in the hyperoxia-exposed BPD mice lungs.
amination of their genomic localization shows that 15 of the microRNAs down-regulated during BPD process in the septation developing lungs (miR-541, miR-382, miR-134, miR-668, miR-485, miR-409, miR-411, miR-299, miR-494, miR-431, miR-329, miR-665, miR-433, miR-127 and miR-379) map to the 12F1 in mice, and are contained within 3 separate clusters. miR-20b and miR-106a, a microRNA family, were up-regulated in the BPD lungs, compared to the control lungs, on day 2, and are located at mouse chromosome XA5. However, the miR-30 family (miR-30a, miR-30b, and miR-30e) is located on other mouse chromosomes. These microRNAs might be coordinately expressed, because they are encoded by the same pri-miR or pre-miR precursor or because they are driven by the same transcription factor or regulated by the same cellular mechanism(s) and play a key role in the septation processes and BPD development.
Although these microRNAs were previously shown to be associated with cell differentiation, biological metabolism, and cancer regulation, no information has been available on the role of specific microRNAs in BPD development. For example, miR-29a is reported as a potentially negative regulator of lung cancer 20 ; the microRNA gene maps to mouse chromosome 6A3, a fragile site that is associated with several cancers. In our study, miR-29a was up-regulated in the hyperoxia group, compared to the control group, and it expressed at a higher level in developing lungs in both groups. miR-29a also reduced the proliferation of A549, which indicates an important role in the regulation of cell biology. Importantly, miR-133a regulates cardiomyocyte proliferation and suppresses smooth muscle gene expression in the heart. 21 Chiba et al found that miR-133a contributed to up-regulation of RhoA in bronchial smooth muscle cells, which was one of the causes of bronchial hyper-responsiveness. 22 We found that miR- 133a was up-regulated in the BPD lungs from day 2 to day 21, but not in the control lungs, and on day 21, miR133a was greatly up-regulated in the BPD lungs, compared to the control lungs, which suggests that miR-133a is important in BPD development as the lung matures. And epigenetic regulation of miR-370 by interleukin-6 contributes to tumor growth. 23 However, overexpression of let-7 in the human lung epithelial A549 cell line inhibits cell growth, 24 which is consistent with our results. Interestingly, miR-20b and let-7f were all up-regulated in the BPD lungs, compared to the control lungs, but they had different effects on cell proliferation. Overexpression of miR20b significantly increased cell proliferation, whereas let-7f significantly reduced cell proliferation. However, we do not know whether the different effects are caused by the different genera (Homo sapiens vs Mus) or the different BPD stages (day 2 vs day 21), or what is the critical mechanism that initiates and advances BPD mediated by microRNAs. This report provides a preliminary understanding of the roles of microRNAs in BPD development.
Conclusions
Fifty-one microRNAs share similar profiles in the BPD lungs and control lungs. Fourteen microRNAs were up-regulated and 7 were down-regulated in the BPD lungs, compared to the control lungs. Some of the candidate microRNAs can affect cell regulation. This is the first study to identify the microRNAs associated with BPD development. The exact functions of these microRNA genes remains to be determined, but we believe this study provides a basis for further investigation of their function in BPD development.
